Introduction
Nano-textured SiC surfaces in fluorescent SiC (f-SiC) based innovative white light-emitting diodes (LED) can enhance the photoluminescence of the LEDs dramatically compared to the flat SiC surfaces [1] [2] [3] . Nanostructures [2] could be implemented at the SiC surface by using e-beam lithography, nanosphere lithography, self-assembled Au nanoparticles, Al thin film ,etc. However, the large surface area also leads to the enhanced non-radiative recombination rate due to surface defects and dangling bonds which are introduced during the nano-texturing fabrication [4] . In order to reduce the non-radiative recombination, recently, aluminum oxide (Al 2 O 3 ) film showed high surface passivation quality for Si-based solar cells [4, 5] . The Al 2 O 3 has a large band gap (8.8eV ) and the films have excellent thermal and chemical stability [6] . Al 2 O 3 films deposited via Atomic Layer Deposition (ALD) provide excellent passivation for high aspect-ratio structures because of the conformal coverage and selective hydrogenation.
In this work, ALD deposited Al 2 O 3 film was investigated as a passivation layer for the nanotextured f-SiC, that was co-doped with nitrogen (N) and boron (B), to improve the photoluminescence (PL) intensity. The morphology of nanostructured surface and its influence to PL enhancement were investigated. Additionally, the N-B donor-and-acceptor pair (DAP) recombination time (lifetime) of the samples was mapped using a confocal microscope with the capability to measure time-resolved photoluminescence (TRPL) [7] .
Experiments and Results
100.9um thick of f-SiC epilayer was grown on commercial SiC substrate (201.8um) by fast sublimation growth process (FSGP) [5] . The atomic dopant concentration of B and N in the epilayer is 2.56x10 18 and 8.16x10 18 cm -3 , respectively, measured by secondary ion mass spectrometry (SIMS). A 20nm SiO 2 layer was deposited on as-grown f-SiC substrates by plasma enhanced chemical vapor deposition, followed by a 6nm Au film layer deposited by e-beam evaporation. The SiO 2 layer was applied as intermediate layer between fluorescent SiC layer and metal thin film to make sure the identical metal nanoparitical masks despite of the sample surface roughness variations. After being treated by rapid thermal annealing (RTA) at 650°C for 3min, Au nanoparticles were self-assembled. Using the Au nanoparticles as mask, the nano-textured surface was formed on four samples (sample a, b, c and d) by utilizing reactive ion etching (RIE) for 5 min [6] . Finally, the SiO 2 layer was removed by rinsing samples in dilute HF (5%) solution for 3min.
The Al 2 O 3 films were deposited in an ALD reactor (Model R200, Picosun, Finland), using H 2 O and trimethylaluminium (TMA:Al(CH 3 ) 3 ) gases as precursor materials for the oxygen and aluminum, respectively. The reaction took place in cycles. During each cycle, 0.1s pulse of TMA and H 2 O was introduced into the ALD reactor in turns, followed by a nitrogen purge to remove the residual precursor and CH 4 . The surface chemical reaction of Al 2 O 3 deposition consists two half reactions [8, 9] : 4 (2) The corresponding schematic is shown in Fig. 1(a) . It is quite obvious that the ALD deposited To investigate the optical performance of the nano-textured samples, the transmittance has been measured by using a calibrated integrating sphere system (Gooch & Housego OL 700-71). The results are shown in Fig. 2(a) . It can be seen that the transmittance on average is increased by 0.046, 0.049, 0.074 and 0.067 for nano-textured sample a, b, c and d, respectively, compared to the asgrown sample. This indicates that the Al 2 O 3 passivation layer (n=1.65) does not play an important
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Silicon Carbide and Related Materials 2015 role in the transmittance enhancement, especially for sample b. The drop of the transmittance near 627nm is related to the intrinsic absorption of SiC. PL spectra were measured by using a reflected micro-photoluminescence system coupled with an excitation laser (375nm). The excitation power intensity was 20mW/cm 2 . After the deposition and annealing of the Al 2 O 3 layer, the PL of sample b, c and d increased from 51.3% (sample a) to 77.2%, 61.4% and 57.4%, respectively, as shown in Fig. 2 (b) . Compared to sample a, sample b has a 25.9% PL enhancement. This large enhancement is mainly attributed to the surface passivation by the Al 2 O 3 thin film, considering the same transmittance for sample a and b, as shown in Fig. 2(a) . The passivation layer suppressed the non-radiative recombination at the surface, which is mainly related to the presence of hydrogen from O-H bonds in Al 2 O 3 layer. In addition, we also tried 8nm thick Al 2 O 3 , but the PL has no obvious improvement. In order to verify the passivation effect, the DAP recombination time mapping of the samples was measured using a confocal microscope (MicroTime 100, PicoQuant GmbH [11]) equipped with a single photon counting detector, electronics for time-correlated single photon and a scanning stage. The measurements were performed at room temperature. For the excitation, a pulsed diode laser at 375nm (20nW/mm 2 ) was operated in a burst mode excitation scheme with a total cycling rate of 100Hz. TRPL mapping was carried out scanning an area of 2.6mm x 2.6mm with 100x100 pixels. A pixel dwell time of 150ms was adapted to the slow excitation repetition rate, which is necessary due to the long luminescence lifetime of the material. The luminescence decays were fitted with a 4-exponential model using the data acquisition and analysis software SymPhoTime 64 (PicoQuant GmbH), and the intensity weighted average lifetime was plotted in the images using a color coding [7] . The difference of the carrier lifetime distribution among the samples a b, c and d is shown in Fig. 3(a)-(d) . In Fig. 3(b) , there is a dark area at the upper-right corner, which is referred to the commercial SiC substrate. The corresponding histogram (statistical distribution) is also shown in Materials Science Forum Vol. 858 Fig. 3(e) , which was extracted from color coding by SymPhoTime 64. It can be seen that the distribution curves have the tendency to Gaussian distribution. The average lifetime of nanotextured sample a, b, c and d are 0.59ms, 0.86ms, 0.69ms, and 0.71ms, respectively. It can be inferred that the lifetime of sample b, c and d has been increased due to the surface passivation by Al 2 O 3 film. In addition, the carrier lifetime of sample b is much larger than of sample c and d, which is consistent with room temperature PL spectra in Fig. 2(b) . Thus the results of carrier lifetime further indicate that 20nm thickness of Al 2 O 3 has the best passivation effect among the Al 2 O 3 coated samples. O 3 interface and saturated surface dangling bonds, which suppressed the non-radiative recombination at the surface. Consequently, the luminescence efficiency was improved. This is supported by the hydrogen effusion characteristics of ALD Al 2 O 3 reported by Armin Richter et al. [10] . In fact, the amount of hydrogen should increase with the thickness of Al 2 O 3 . However, the measured effective lifetime was found to decrease with the increase of Al 2 O 3 thickness. If the SiC nanostructures were completely filled with Al 2 O 3 , the surface defects introduced by RIE etching could not be effectively repaired due to spatial limitation. Therefore, the thickness of 20nm is an optimized value.
Discussion

Conclusion
Four nano-textured fluorescent SiC samples with different thickness of Al 2 O 3 passivation layer were investigated. Our results show that the Al 2 O 3 passivation layer could suppress the non-radiative recombination at the SiC/Al 2 O 3 interface and enhance the photoluminescence intensity, especially for the sample covered by a 20nm thick Al 2 O 3 film. This is a strong indication for interface hydrogenation of ALD deposited Al 2 O 3 that takes place during post-thermal annealing.
